In this article, both experimental and computational methods are employed to investigate the photophysics of rhaponticin (RH). The bathochromic shift was observed in absorption and fluorescence spectra with increasing solvent polarity, which implied that the charge transition of RH involved was p / p*. The results showed that RH possess strong intramolecular charge transfer (ICT), and the most important parameter to characterize the photophysical behavior of RH is the intermolecular hydrogen bonding ability of the solvent. The hydrogen bonding effect occurred at the localized electron-acceptor oxygen at the glycoside bond. Density functional theory (DFT) and time dependent density functional theory (TDDFT) were used to obtain the most stable structure, electronic excitation energy, dipole moments and charge distribution. The result was found to be 2.23 and 3.67 D in ground state and excited state respectively. Fluorescence quenching of RH owing to the photoinduced electron transfer (PET) is facilitated in alkaline media. The pK a value of RH was 6.39, which defined RH as a highly efficient "off-on" switcher. The effect of different metal ions on the fluorescence spectra of RH was also investigated, and the fluorescence quenching of RH depended on the nature of ions. The best performance was accomplished for binding with the Fe 3+ ion. 
Introduction
The most serious complication of b-thalassemia is iron overload, and it is vital to control it within a reasonable range. Recently, a comprehensive overview on iron overload in bthalassemia has been presented in a paper by Crisponia and Remelli.
1 Design and development of iron selective uorescent chemosensors has caused great concern, due to their importance in many biological and environmental processes.
As a major representative of the stilbene glucoside compounds, rhaponticin (RH, Fig. 1 ) exists widely in medicinal plant of Rheum L., such as Rheum officinale, Rheum undulatum, Rheum hotaoense and Rheum palmatum. 2 Previous works of our working-team showed that RH possessed various biological effects including potent antitumor, antitumor-promoting, antithrombotic, antioxidant and vasorelaxant activities.
3-5
Moreover, the atoms of the stilbene moiety are nearly coplanar in the molecule of RH, and the dihedral angle between ring (C2-C7) and ring (C10-C15) is 9.0 . The hydrogen bonds exist among the hydroxyl group (-OH), methoxy group (-OCH 3 ) and O atom, and link the molecules into a complicated 3D framework.
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Moreover, the hydroxyl groups at C-11 and methoxy group at C-12 of act electron donor and the glycoside fragment functions as a receptor unit, and there exists electronic transition as p / p*, belong to polyphenol derivatives. Therefore, RH would show optical property which is highly sensitive to its surroundings, it is reasonable to use it as a polarity probe and it also can be applied in medicine and chemistry. 6 The multiple pharmacological activities make it be worth carrying out a further study on the photophysical property of RH.
Solvent effect is closely related to the nature and extent of solute-solvent interactions developed locally in the immediate vicinity of solute. One key approach to understand solvent effects is the solvent-induced changes in the electronic transition of solutes generally referred to as solvatochromism. The application of computational methods to studies in photophysics chemistry is instrumental in understanding phosphorescent mechanisms. 7 In recent years, approaches using density functional theory (DFT) and time dependent density functional theory (TDDFT) have received large acceptance for describing the ground state and excited state properties of photoluminescence molecules, such as geometrical parameters, energy gap, dipole moments and excited energy. Until now, there is no report available in the literature on the luminescent mechanism of RH. Therefore, we focus on the photophysical properties of RH, and we present a comparative study of the experimental absorption and uorescence spectra with DFT/TDDFT calculations in this work. The binding of RH with iron was also studied by spectroscopic, chromatographic methods, which would have a great signicance in pharmacology and clinical medicine as well as methodology.
Materials and methods
RH was isolated by authors from R. hotaoense, 3 and its purity was evaluated to be above 99% (HPLC and spectral analysis). The stock solutions of RH (1.5 Â 10 À5 M) were prepared by dissolving appropriate amount of RH in 10 mL different solvents, and the solvents applied were analytical grade and used without further purication. All uorescence spectra were carried out on an F-7000 uo-rescence spectrometer (Hitachi, Japan) equipped with a 150 W xenon lamp, and the slit width was 5 nm. All absorption spectra were recorded by UV-2501PC spectrophotometer (Shimadzu, Japan) in the range of 200-400 nm. Fourier Transform Infrared Spectroscopy (FT-IR) spectra were obtained using an EQUINOX55 fourier transformed infrared spectrometry (Bruker Company, Germany) in the range of 4000-600 cm À1 . HPLC analyses were performed on an Agilent 1200 series system (Agilent, Santa Clara, CA), which consisted of an auto sampler, a Zorbax carbohydrate column (0.46 Â 15.0 cm), a solvent system of acetonitrile/methanol (30 : 70), at a ow rate of 1.0 mL min À1 with the UV detector wavelength set at 324 nm, and the injection volume was 20 mL. Data were acquired and processed with an Agilent ChemStation soware external calibration.
The solvatochromic method was used to calculate the dipole moment in ground and excited state. All calculations in the present study were performed by using the Amsterdam Density Functional package (ADF) 2010.01 program.
9 Geometry optimization in the ground state was carried out using B3LYP density functional calculations, with the DZP basis sets. 10 The lowest singlet excited-states of both the isolated RH and the hydrogen-bonded RH were calculated using time-dependent density functional theory (TD-DFT) with B3LYP hybrid functional and the TZVP basis set.
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Results and discussions
Solvent effects on the absorption and uorescence spectra of RH Theoretical density functional theory (DFT) calculations were performed to gain more insight into the electronic properties of these systems that appear as promising molecules for lightharvesting applications.
12 Fig. 1B displays the minimumenergy molecular geometry computed for RH at the B3LYP-DZP level. As expected, RH exhibits the typical boat conformation, and the atoms of the stilbene moiety are coplanar, suggesting that an efficient p-conjugation can operate between the donor and acceptor units in RH molecule. The absorption and uorescence spectra of RH in different solvents were presented in Fig. 2 . The values of the absorption and uorescence spectral maxima were listed in Table 1 . As we know, the shi can be described as hypsocromic or bathochromic depending on whether the absorption maximum occurs at a shorter or longer wavelength respectively. As seen from Fig. 2A , the absorption maximum is obtained around 311 nm in dioxane and it is about 327 nm in water. In the present study, the absorption spectra shi to longer wavelength with increasing solvent polarity, indicating RH exhibits a positive solvatochromism and p / p* transition. According to Jayabharathi, the bathochromic shi happens when the dipole moment of the compound increases during the electronic transition i.e., the dipole moment of excited state is higher compared to that in the ground state (m e > m g ) and the excited state is formed in solvent cage of already partly oriented solvent molecules. 13 In such cases, the relaxed excited state S 1 will be energetically stabilized relative to the ground state S 0 and a signicant red shi of the absorption will be observed.
At the same time, the uorescence spectral studies of RH with excitation wavelength of 355 nm were carried out in different solvents (Fig. 2B) , the peak maximum shied from 370 to 403 nm (bathochromic shi) as the solvent polarity increased (dioxane to water). Meantime, the Stokes shi of RH in dioxane is 56 nm, whereas the Stokes shis in water increases to 76 nm, respectively. The increasing Stokes shi in polar protic solvents suggests that the uorescent state of RH is the intramolecular charge transfer (ICT) feature. Table 1 and Fig. 2B show uorescence quenching and redshi behavior of RH in protic solvents compared with that in aprotic solvent. On the one hand, in a polar protic solvent with a relatively high hydrophilicity (e.g., methanol or water), RH takes a stretched conformation with the plane of stilbene moiety. In a non-polar solvent with a high hydrophobicity (e.g., dioxane), the conformation of the RH molecule is twisted and the twisted intramolecular charge transfer (TICT) state and selfassociation uorescence emission emerge.
14 On the other hand, ICT state is more likely to relax by non-radiative processes than by radiative processes, which results in quenching of RH in protic solvents. Moreover, quenching and red-shi are mainly therefore clearly associated with hydrogen bonding, and the excitated-state hydrogen bond strengthening effect of RH with protic solvents. 15 When the acceptor (oxygen atom at glycoside band) is hydrogen-bonded, a more charge-separated chromophore is more stabilized and the hydrogen bond in the corresponding electronic excited state is strengthened. Therefore, the quenching and red-shi in proic solvent is caused by the TICT process and excited-state hydrogen bond strengthening effect. In addition, as shown in Table 1 , the effect of solvents on the emission spectra of RH is more remarkable than that on absorption spectra (absorption and emission wavelength shis 16 and 33 nm from dioxane to water, respectively), which implies that the less polar nature of RH in the ground state than in excited state and the ground state energy distribution is not affected by the solvents.
Determination of dipole moments of RH
The dipole moment of the ground and excited state is related to the electron distribution, which will be affected by various solvents. Thus, it is important to study the dipole moments of ground and exited state of RH for it offers information about the change in the electronic distribution on excitation. According to Valeur et al., 16 quantum mechanical second-order perturbation theory of absorption (n a ) and uorescence (n f ) band shis in different solvents of varying permittivity (3) and refractive index (n) relative to the band position of a solute molecule is obtained. In order to avoid the hydrogen bonding between RH and protic solvents, we choose the aprotic solvents in Table 1 , from 2,4-dioxane to acetonitrile, and the related equations are as followed:
where
with gðnÞ ¼ 3 2 
This where, 3 is the dielectric constant and n is the refractive index.
and
where, h is the Planck's constant and c is the velocity of light in vacuum, and m 1 and m 2 were calculated from the eqn (1) and (2) denoting the absorption and uorescence band shis. The values of ground state and excited state dipole moment, m g and m e , were obtained from eqn (5) and (6):
The value of the solute cavity radius a was calculated from the molecular volume by Suppan's equation:
Here (3) and refractive index (n) versus Stokes shi (Fig. S1A and B, ESI †) . Then the dipole moment can be calculated by above parameters. One can see that m g ¼ 2.23 D and m e ¼ 3.67 D. The dipole moment of the RH in excited state is higher than that in ground state owing to the change in electronic distribution. This result means a more polar and stable structure in excited state than that of in ground state, which is consistent with the result of absorption spectra.
Theoretical calculation using DFT and TDDFT Fig. 3 shows the orbital energy levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) and their energy gap for RH in dioxane, acetone, ethanol and water. And the calculated energy gaps, wavelengths of the lowest electronic transitions, oscillator strengths, and main orbital transition contribution and corresponding CI coefficients of the low-lying electronically excited states of RH in four solvents were listed in Table 2 . The observed positive solvatochromism is reproduced by DFT/TDDFT calculations, and the maximum oscillator strengths are corresponding to the HOMO / LUMO+2 orbital transition. The occupied orbital was mainly localized on the stilbene unit whereas the LUMO+2 is centered on the glycoside part, suggesting a strong propensity for intramolecular charge transfer from the electron-donor hydroxyl groups at C-11 and methoxy group at C-12 to the glycoside acceptor, and therefore correspond to p / p* transitions. As seen from Fig. 3 that the energy level of the HOMO increases from À5.23 eV in dioxane to À5.18 eV in water, suggesting the intermolecular hydrogen bonding raises the energy level of the HOMO. Meantime, the energy level of the LUMO decreases slightly from À2.57 to À2.58 eV from dioxane to water, indicating that intermolecular hydrogen bonding shows less effect to the electronically excited state of RH than ground state. 20 The energy gap (E g ) between the HOMO and LUMO reduces from 2.66 to 2.60 eV from dioxane to water. The reducing energy gap between the HOMOs and LUMOs is consistent with the absorption and uorescence spectral red-shi of RH in polar solvents. On the other hand, from dioxane to water, there is a quasi parallel energy stabilization of the HOMOÀ2 and HOMO and a concomitant small destabilization of the LUMO. These evolutions result in the decrease of the HOMO / LUMO and HOMO / (LUMO+2) gap and thus in a bathochromic shi of the corresponding spectral behavior.
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The electronic excitation energies and corresponding oscillator strengths of RH and the hydrogen-bonded RH are calculated using the TDDFT method and presented in Table 3 . For both the isolated RH and the hydrogen-bonded RH, the S 1 state has the largest oscillator strength, which means that both of them can be initially photoexcited to the S 1 state. The excitation energy of the S 1 state is calculated to be at 4.11 and 3.92 eV for RH and the hydrogen bonded RH, suggesting that the hydrogen bonding induces a decrease for the excitation energy of the S 1 state, and the hydrogen bond is strengthened in this excited state.
22,23
The orbital transition contributions for the lowest single states S 1 state of the isolated RH and the hydrogen-bonded RH are also presented in Table 3 . It can be seen that only the HOMO and LUMO are involved in the S 1 state. To depict the nature of the lowest singlet excited state S 1 , the HOMO and LUMO of both the RH and the hydrogen-bonded RH have been calculated and are shown in Fig. 4 . As shown in Fig. 4 , the electron density on the hydroxyl oxygen atom at C-11 in hydrogen-bonded RH is also remarkably decreased aer the HOMO-LUMO transition. However, due to the formation of the intermolecular hydrogen bonds, the intramolecular hydrogen bond between the hydroxyl groups at C-11 and methoxy group at C-12 is not strengthened. On the contrary, the intermolecular hydrogen bond is signicantly strengthened due to the remarkable decrease of the electron density on the hydroxyl oxygen atom at C-11. 24 Moreover, compared to RH, the calculated absorption of hydrogen-bonded RH shi to longer wavelengths (ca. 5 nm, Fig. S2 †) . Compared with RH, the formation of the intermolecular hydrogen bonds will stabilize both the HOMO and the LUMO of the hydrogenbonded form. The HOMO-LUMO energy decreases from 2.55 eV in the RH form to 2.36 eV in the hydrogen-bonded form respectively, which should be responsible for the 5 nm red shi of the S 1 absorption for the hydrogen bonded RH. In addition, it can be found that the HOMO and LUMO are the p and p* character for both the RH and hydrogen bonded RH, suggesting that the S 1 state is of the p-p* feature.
Moreover, the value of the dipole moments (D m ) in the excited states is 3.87 D (Table 4) , and the difference between the dipole moments of the excited and ground states is 1.31 D, indicating that the value of dipole moment in the excited state of RH is lager, which explains well the experimental observations that RH shows a bathochromic shi of spectra and the a The transition was shown by an arrow from one orbital to another, followed by its percentage CI (conguration interaction) component. large Stokes shi with increasing solvent polarity. The results of theoretical calculations have previously been shown to be in good agreement with experimental data.
Effect of pH on the uorescence spectra of RH
The pH effects on the emission and excitation spectra of RH were investigate in methanol. As seen from Fig. 5A , when the excitation wavelength is set at 340 nm, RH exhibits a maximum around 390 nm. The intensity decreases gradually with increasing pH along with a red shi (from 390 to 402 nm). Fluorescence excitation spectra of RH are the similar response to the change of pH (Fig. 5B) . Aer careful titration from pH 3 to 11, the emission intensity decreases practically eleven times (uorescence quenching, FQ ¼ 11.43) (Fig. 5B insert) . The pK a value of RH is calculated to be 6.39 by the eqn (11).
The pK a result suggests that RH is highly efficient "off-on" switchers for pH, and also it is a potential useful sensor for higher pH measurement. Moreover, from these changes the emission is switched "off-on" between ca. pH 6.8 and 8.0. This switching process is also found to be reversible. These changes are of such magnitude that they can be considered as representing two different "states", where the uorescence emission is "switched off" in alkaline solution and "switched on" in acidic solution. These changes are due to the deprotonation of the hydroxyl groups of RH at 4-C and 11-C, which engages in photoinduced electron transfer (PET) quenching of RH excited state and upon protonation of the hydroxyl groups, and the quenching process is substantially removed.
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Effect of metal ions on the uorescence spectra of RH The effects of different metal ions on the uorescence spectra of RH are investigated. The presence of metal ions in RH solution as guests is signaled by uorescence quenching (FQ). The FQ value is determined from the ratio of the maximum uorescence intensity (solution free of metal ions) to the one aer metal ions addition. Fig. 6 Combining with the results of spectra and chromatography, we deduce that the binding of Fe 3+ ion with RH occurs at the C-11 hydroxyl groups and the O atom of the methoxy group through hydrogen bond, and the decreasing electron donor ability facilitates the quenching (Fig. S3 †) . And the double bond C]C linking aromatic ring of RH molecule distorts more strictly by binding with Fe 3+ ion.
Binding parameters of interaction of RH with Fe
3+
Fluorescence quenching can occur by different mechanisms, usually classied as dynamic quenching and static quenching. In order to clarify the quenching mechanism, the Stern-Volmer equation was used to analyze the quenching data:
where (Fig. S4A †) , and the corresponding results were listed in Table S1 . † The binding constants and numbers of binding sites of interaction of RH with Fe 3+ could be determined by the modied Stern-Volmer equation:
where K is the binding constant, n is the number of binding sites per RH for Fe 3+ ion, and F 0 , F and [iron] have the same meanings as in eqn (12) . The values of K and n are measured from the intercept and slope by plotting lg[( (Fig. S4B †) , and the corresponding results are listed in Table S1 . † As shown in 
Conclusion
In this work, solvent effect on the photophysical behavior of RH has been studied by absorption, uorescence spectra and DFT/TDDFT calculations. The observed solvatochromic shi of spectra was used to calculate the ground and excited state pole moment of 2.23 and 3.67 D by Lippert-Suppan equation, respectively. Moreover, the increased Stokes shi in polar solvents suggests that RH is TICT feature, and correspond to p / p* transitions. The photoluminescence behavior of RH is strongly modulated by the formation of intermolecular hydrogen bonds between RH and protic solvents. The excitation energy of the S 1 state is calculated to be at 4.11 and 3.92 eV for RH and the hydrogen bonded RH, suggesting that the hydrogen bonding induces a decrease for the excitation energy of the S 1 state, and the hydrogen bond is strengthened in this excited state. Quantitative estimation of the relative contribution of several solvatochromic parameters indicates that the hydrogen-bond donor ability of the solvent is one of the factors governing the excited-state properties of RH, which were veried by DFT/TDDFT calculations. The intermolecular hydrogen bonding occurred at the localized electron-acceptor oxygen at the glycoside bond. The effect of pH indicates that the uorescence quenching of RH owing to the deprotonation of donor group and PET is facilitated in alkaline media. The pK a is 6.39, which denes RH as a highly efficient "off-on" switcher. 
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